Abstract
Introduction
Chronic kidney disease (CKD) is a major healthcare problem that is currently estimated to affect ~30 million Americans and is associated with a significantly higher risk of cardiovascular morbidity and mortality [1] [2] [3] [4] . Although CKD and cardiovascular disease (CVD) share several major risk factors, traditional cardiovascular risk factors such as diabetes and hypertension do not completely account for the high risk of CVD in patients with CKD [5] . Identifying additional risk factors is one focus of current research to understand the pathophysiology of atherosclerosis, including coronary artery disease (CAD), and its accelerated phenotype in patients with CKD. There is a graded increase in cardiovascular mortality with increasing renal dysfunction [5, 6] either from accumulation of toxins or loss of a protective mechanism.
Research conducted over the last decade has established that gut microbiota has a significant influence on human health and disease. The relative abundance of different bacterial phyla and their biological impact are modified by a number of genetic, dietary, and environmental factors [7, 8] . Gut microbiota produce a variety of products through saccharolytic and proteolytic breakdown of food material [9] . Some of these gut-microbiotaderived products have a significant regulatory impact on host metabolism, immunity, and nutrition. Additionally, the gut microbiota has been long recognized as the source of uremic toxins [10, 11] , which can have a potentially deleterious impact on host health. Changes in gut microbiota have been documented in CKD [12, 13] due to changes in the gut biochemical milieu, because increasing quantities of urea, uric acid, and oxalate are transported via the gut as kidney function declines. This dysbiosis is postulated to result in enhanced generation of toxins associated with kidney disease progression [14, 15] and increased cardiovascular risk [16] [17] [18] .
In addition to the accumulation of toxins, kidney disease also alters the synthesis of beneficial metabolites as the composition of the microbiome changes. Recently, short chain fatty acids (SCFAs) have attracted considerable interest. The primary source of SCFAs in humans is as metabolic byproducts of complex starch fermentation in the gut by commensal bacteria yielding 1-6 carbon structures with variable acyl chain attached to the carboxylic group [19] . The relative concentrations of SCFAs are modified by the composition of the microbiota and the amount of indigestible starch consumed [20] . SCFA-synthesizing bacteria change with the development of CKD [21] , which raises questions about the possible role of SCFAs in CKD progression and its associated cardiovascular complications. However, the impact of CKD on the plasma concentrations of SCFAs or their association with cardiovascular mortality in patients with CKD had not been studied.
We hypothesized that plasma SCFAs would be altered in patients with CAD or composite CVD. In this study, we compared the plasma concentrations of the SCFAs in CKD patients with and without CVD and assessed the odds of cardiovascular outcomes associated with alteration of any identified SCFA markers.
Methods

Study Cohort
This was a cross sectional study utilizing participant data from the Clinical Phenotyping Resource and Biobank Core (C-PROBE) with details published previously [22, 23] . In brief, C-PROBE is a multicenter cohort of 1235 adult CKD patients (recruitment as of December 2017) with high-quality biological samples and clinical data to conduct translational research.
From the entire cohort, a representative subcohort of CKD patients (stages 1-5) recruited between January 2009 and July 2012 was selected for the downstream analysis. The selected samples comprised of 81 patients with and 133 patients without a self-reported history of CAD. Patients with and without CAD were frequency-matched by sex, race, and CKD stage. Inclusion criteria were age >18 years and stages 1-5 CKD (according to the CKD-EPI formula). We showed previously that the selected patients were highly similar to the rest of the patients in CPROBE, suggesting that they are unbiased representatives of the entire CPROBE population [22] . We used the baseline clinical data, laboratory data, and plasma samples collected at the time of enrollment for downstream biomarker identification and analyses. We randomly divided the study participants into 2 equal subsets for training and validation (Fig. 1) .
Outcomes
The primary outcome was presence of CAD, defined as a history of myocardial infarction, angina, coronary artery bypass grafting, or angioplasty/stenting of a coronary artery. However, because patients without CAD may have other cardiovascular disorders, we defined a secondary cardiovascular outcome, composite CVD, as the composite of self-reported CAD, stroke, peripheral arterial disease, congestive heart failure, or arrhythmia at the time of enrollment. Sample Processing A previously described derivatization strategy for measurement of SCFA in stool samples [24] was modified after considerable experimentation and optimization. A 200 mM 3-NPH.HCl solution in 50% acetonitrile and a 120 mM EDC. HCl solution in 6% pyridine were prepared for the derivatization reaction. The extraction solvent was 50% acetonitrile with deuterium-labelled D4 butyrate and D11 hexanoate as internal standards for analytical measurement. Each biological sample (25 µL of serum) was mixed with 175 µL of the extraction solvent for protein precipitation. After mixing thoroughly, the sample was incubated on ice for 10 min and subsequently centrifuged for 10 min at 12,000 rpm. The supernatant (20 µL) was then mixed with 10 µL 200 mM 3-NPH.HCl and 10 µL 120 mM EDC.HCl. The samples were kept at 40 ° C for 30 min for the derivatization reaction prior to transfer into inserts and injection for liquid chromatography and mass spectrometry.
Reagents and Materials
Mass Spectrometry
An Agilent 6410 triple quadrupole mass spectrometer coupled to an Agilent 1290 infinity series chromatography system equipped with an electrospray ionization source was used in negative-ion mode for measurement. An Acquity UPLC BEH C18 column (2.1 × 100 mm, 1.7 μm; Waters, Milford, MA, USA) was used for liquid chromatography. Solvent A was water: formic acid (99.99: 0.01%, v/v) and solvent B was acetonitrile: formic acid (99.99: 0.01%, v/v). SCFAs were identified and quantitated using Agilent Mass Hunter software.
Statistical Analysis
Normal distribution of continuous variables was checked using the univariate Kolmogorov-Smirnov test. If a skewed distribution was identified, we used median and interquartile range for description and the Kolmogorov-Smirnov test for independent samples to test the significance by study subgroup. To compare the mean of normally distributed continuous variables between 2 groups, we used the t test. For more than 2 groups, we used analysis of variance with the Dunnett correction for multiple comparisons. To test the association of categorical variables by presence of CAD or by CKD stage, we used chi-square analysis. To identify whether the concentration of an SCFA differed significantly by study outcomes, we used compoundby-compound t tests with post-hoc Bonferroni correction. We applied a significance threshold of p < 0.0083 (0.05/6) in the compoundby-compound comparisons, because 6 SCFAs were examined.
We applied unadjusted, estimated glomerular filtration rate (eGFR)-adjusted, and fully adjusted logistic regression models in the training subset to estimate the odds of study outcomes (CAD and composite CVD) by alteration of the SCFA valerate. The covariates for the fully adjusted model consisted of age, etiology of CKD, diabetes, hypertension, use of statins, and eGFR. We applied the coefficients of the logistic regression models that were developed in the training set to calculate the z-score (standardized probabilistic risk score) in the validation set to test the reproducibility of risk estimations seen in the training set. We applied a forward stepwise iterative inclusion algorithm in the logistic regression models.
We then calculated c-statistic, net reclassification index (NRI), and integrated discrimination improvement (IDI) to predict CAD in the training set when valerate values were added to a baseline clinical model consisting of diabetes, hypertension, eGFR, and urine protein-creatinine ratio (UPCR) [23] . We replicated the cstatistic, NRI, and IDI of the proposed model as compared with the base model in the validation set by calculating the corresponding probabilistic risk score using the coefficients of the logistic regression models developed in training set. The coefficients of variation of acetate, propionate, butyrate, isovalerate, valerate, and caproate in the sample pools, were 11.78, 3.29, 0.82, 2.28, 1.8, and 7.28%, respectively. The study had 88% power to detect a 1 µmol/L difference in the concentration of valerate at α = 0.05 using a 2-sided t test in the training set. The power to detect the valerate mean difference observed in case and control groups in the entire cohort at α = 0.05 using a 2-sided t test was 95%. SPSS version 24 (Armonk, NY, USA) and STATA version 10 (College Station, TX, USA) were applied for the analysis.
Results
Baseline Characteristics
We examined the distribution of baseline demographic characteristics, medications, and comorbidities in the entire cohort (Table 1 ) and in the training and validation sets (online suppl. CAD were older than those without CAD (p < 0.001), and also had a significantly higher incidence of hypertension, diabetes mellitus, statin use, stroke, and peripheral vascular disease. There were no other significant differences in clinical characteristics. Because the selected patients were randomly split in to the training and validation sets, the overall characteristics of the 2 sets were similar, except a higher proportion of patients with CAD in the training set having diabetes. There were no differences in drugs such as fibrates, niacin, angiotensin converting enzyme inhibitor, angiotensin receptor blocker, proton pump inhibitor, antibiotic/probiotics, or erythropoiesis stimulating agent use among those with and without CAD and CVD in both training and validation sets (Table 1 ; online suppl. Table 1 ).
SCFAs and Cardiovascular Outcomes
We detected 6 different SCFAs in the plasma of the CKD patients examined (Table 2) . Valerate was the only SCFA that had a significantly higher plasma concentration in patients with CAD or CVD as compared to those without, in the training set. This finding was replicated in the validation set (Table 2 ; Fig. 2 ). As such, the valerate levels in the entire cohort (n = 214) was also significantly higher in patients with the primary or the secondary outcomes of CAD or CVD as compared to those without CAD or CVD.
SCFA Levels with CKD Stage
When we examined SCFA concentrations in patients with CKD in different stages, we observed a significant graded decrease in the concentration of acetate (228.6 ± 44.5 μmol/L in CKD stage 1/2 vs. 195.2 ± 29.6 μmol/L in CKD stage 5, p < 0.01). We additionally found that the plasma valerate concentration increased with advancing CKD, from 28.4 ± 0.8 μmol/L in CKD stage 1/2 to 29.5 ± 1.4 μmol/L in CKD stage 5 (p = 0.045). There were no significant differences in the concentrations of any other SCFAs between CKD stage 1/2 and CKD stage 5 as measured in this population (online suppl. Table 2 ). When comparing the results of the training with the validation subsets, the significant increase in valerate by CKD stage observed in the training subset was not replicated in the validation subset (online suppl. Table 3 ).
Risk Estimation of Study Outcomes by Levels of Valerate
Using logistic regression, we identified a significant increase in the odds of having CAD, as well as the odds of composite CVD, with increasing plasma valerate level in all models applied to the training subset (unadjusted, eGFRadjusted, fully adjusted) and this observation was replicated in the validation set ( Fig. 2 ; online suppl. Table 4 ). In the unadjusted model, each 1 µmol/L increase in plasma valer- ate was associated with 1.81-fold higher odds of association with CAD (95% CI 1.23-2.67, p = 0.003) and 1.64-fold higher odds of association with composite CVD (95% CI 1.12-2.41, p = 0.01) in the training set. The odds of association were 1.59-fold higher for CAD (95% CI 1.00-2.51, p = 0.049) and 1.69-fold higher for CVD (95% CI 1.05-2.71, p = 0.03) in the fully adjusted model. The findings were similar in the validation set ( Fig. 2 ; online suppl. Table 4 ).
Classification Power and Test Characteristics of Valerate
When valerate concentration was added to a base model, the classification power of the model to predict CAD improved in both the training and validation sets. erate to the base model with event IDI of 0.14 (95% CI 0.08-0.20, p < 0.001) in training set and 0.09 (95% CI 0.03-0.15, p = 0.002) in the validation set.
Discussion
In this study, we showed for the first time that a higher level of plasma valerate, a SCFA generated by the gut microbiota, was independently associated with pre-existing CVD in patients with CKD. This association was independent of imbalanced baseline characteristics such as age, diabetes, hypertension, and use of drugs such as statins. Furthermore, we showed that the addition of valerate to a baseline model, consisting of UPCR, eGFR, hypertension, and diabetes mellitus, significantly improved the classification power of the model in identifying preexisting CVD.
The accumulation of metabolites and uremic toxins derived from the commensal bacteria and the changes in gut mucosal permeability allowing translocation of bacterial products have been proposed as potential mechanisms underlying atherosclerosis and CVD [25] [26] [27] . Animal studies have also shown a reduction in the size of myocardial infarctions with manipulation of the gut microbiome [28, 29] . Changes in the microbiota alter a variety of physiological processes, including the immune response, vascular physiology, and metabolic programming, but the precise mechanisms responsible for these changes are not completely defined. In human studies, gut-microbiota-derived trimethylamine N-oxide has been shown to be associated with cardiovascular outcomes in high risk patients [27, 30] , but its demonstration as a causative influence and role in the general CKD population remains unproven.
The majority of microbiota studies in CKD patients have clearly outlined the changes in microbiota seen with advancing kidney disease [12, 31] , but there has not been a concerted effort to define the resulting changes in microbiota-derived metabolites, especially SCFAs. Our study documents these alterations. We identified a progressively graded decrease in acetate concentration with CKD progression. This decline is postulated to be caused by changes in diet, medications, the gastrointestinal milieu, and host immunity. There was, however, no association between this change and cardiovascular outcomes in our population; its impact on other physiological processes remains unexplored. The concentrations of propionate, butyrate, and hexanoate did not change significantly, which was unexpected given recent literature identifying a significant decline in butyrate-producing bacteria with advancing kidney disease [32] .
A graded increase in valerate concentration was strongly associated with CAD and our composite CVD secondary outcome, even after correcting for relevant covariates including eGFR. A model predicting CAD and CVD that incorporated valerate produced a c-statistic, beyond what was possible with the use of only diabetes mellitus, hypertension, UPCR, and eGFR in the model, and highlights the potential of valerate as a non-invasive marker of CVD. This may be particularly useful given the presence of subclinical CVD in many CKD patients who would benefit from better risk stratification and interventions to reduce their likelihood of a clinically significant cardiovascular event. These findings also highlight potential avenues of future exploration of the pathophysiological basis of atherosclerosis and its complications.
Valerate is the salt of a straight-chain alkyl carboxylic acid with 5 carbon atoms, which is a naturally occurring compound in the plant kingdom and is also produced in significant amounts by the commensal gut bacteria. Stool concentrations of valerate are in the millimolar range (our unpublished work), so we believe the gut microbiota is the most likely source of the observed plasma valerate. Valerate, unfortunately, has not been studied as extensively as other SCFAs, and details of its physiological effects are sparse. Previous work has identified valerate as a ligand for the G-protein coupled receptors [33] , which influence a variety of metabolic, immune, and vascular processes [34] [35] [36] .
G-protein coupled receptors are the largest family of transmembrane signaling molecules and detect changes in the extracellular environment. SCFAs act as ligands for at least 4 different types of G-protein coupled receptors in humans, namely GPR41, GPR43, GPR109a, and OR51E2. GPR43 is present in high concentrations on immune cells, and SCFAs have been shown to mediate chemotaxis [37] and increase inflammatory mediator release [36, 38] , thereby promoting a robust inflammatory response. GPR41 is widely present on adipocytes, sympathetic neurons, entero-endocrine cells, and vascular smooth muscle, where it regulates adipocyte function, sympathetic discharge, glucose sensitivity, and vascular tone [39] . Both GPR41 and GPR43 respond to stimulation by valerate, and this may enhance the immune response [36] , modulate adipocyte metabolism [40] , and alter vascular physiology [34] , leading to the resultant increase in CVD witnessed in our population. Whether valerate acting through G-protein coupled receptors is responsible for the increased cardiovascular risk requires DOI: 10.1159/000493862 further investigation, but the results of this study provide a testable biological explanation for the observed progressive increase in cardiovascular risk with worsening kidney function. The plasma concentration of all the SCFAs are, however, much lower than the EC 50 reported for GPR41 and GPR43, which raises questions about the physiological role of GPR41 receptors on vascular smooth muscles and in the kidney. GPR43 present on the immune cells may be activated as these cells move in the intestinal immune system and may modulate the immune response, but again the mechanisms are not clear and require further study.
This study has both strengths and limitations. The excellent phenotyping and quality samples at baseline contributed to minimizing noise and allowing identification of signal. We applied rigorous quality control measures including the use of pooled samples with sequential measures and continuous calibration of our instruments. There was no missing data requiring imputation. By design, we applied training and validation sets, which strengthens our findings. All samples from patients with CKD stage 5 were obtained prior to dialysis or transplant, and therefore, the plasma SCFA levels were not impacted by renal replacement therapies. The persistence of statistically significant association of valerate level with study outcomes even after adjusting for imbalanced baseline covariates including age, diabetes, hypertension, and use of statins suggests that the observed associations were unlikely to have been explained by such covariates. A number of medications such as proton pump inhibitors and antibiotics may impact the gut microbiota, but the distribution of these agents were not different by the study outcomes and therefore they are unlikely to be confounding factors for the association of valerate and cardiovascular outcomes. The limitations of our study include the use of biological samples and clinical data from a single clinical cohort, which raises questions about the generalizability of the results. Reproduction of our results in additional cohorts will greatly strengthen the case for valerate as a non-invasive marker of CVD in patients with CKD. While the changes in valerate levels are modest, the biological relevance of our findings need to be investigated in mechanistic studies which will be the subject of further and future research. The observational nature of our study prevents us from drawing causal inferences, and studies in animal models are needed to identify a causal relationship. The lack of dietary history, longitudinal clinical data, and the retrospective nature of the outcomes are also limitations.
In conclusion, this study defines changes in plasma SCFA levels with advancing kidney disease and identifies a significant association of plasma valerate levels with cardiovascular outcomes. Improving stratification of cardiovascular risk in patients with CKD using a non-invasive test may help identify patients with subclinical disease in need of comprehensive evaluation and aggressive treatment of cardiovascular risk factors that would allow us to improve clinical outcomes through personalized medicine. These findings, however, need further exploration to clarify the role of valerate in atherosclerosis and cardiovascular risk, which may lead to the identification of novel therapeutic strategies for the prevention and treatment of CVD in patients with CKD and perhaps enhance our understanding of the pathophysiology of atherosclerosis to the benefit of all patients at risk for this major healthcare problem.
